Context. Large spectroscopic surveys have discovered very peculiar and hitherto unknown types of active galactic nuclei (AGN). Such rare objects may hold clues to the accretion history of the supermassive black holes at the centres of galaxies. Aims. We aim to create a sizeable sample of unusual quasars from the unprecedented spectroscopic database of the Sloan Digital Sky Survey (SDSS). Methods. We exploit the spectral archive of the SDSS Data Release 7 to select unusual quasar spectra. The selection method is based on a combination of the power of self-organising maps and the visual inspection of a huge number of spectra. Self-organising maps were applied to nearly 10 5 spectra classified as quasars at redshifts from z = 0.6 to 4.3 by the SDSS pipeline. Particular attention was paid to minimise possible contamination by rare peculiar stellar spectral types. All selected quasar spectra were individually studied to determine the object type and the redshift.
Introduction
From the very beginning of quasar astronomy (Schmidt 1963; Greenstein & Matthews 1963; Sandage 1965) , optical spectra have been one of the most important sources of information about this class of fascinating objects. Quasars are the most luminous types of active galactic nuclei (AGNs). The average ultraviolet (UV) and optical spectral energy distribution (SED) of AGNs is offen found to be widely consistent with the predictions of the standard model of a geometrically thin and optically thick accretion disc around a massive or supermassive black hole (Shakura & Sunyaev 1973; Shields 1978; Laor 1990; Blaes et al. 2001) . The continuum radiation field from the accretion disc provides the photons for the ionisation of the surrounding gas and powers broad and narrow emission lines. The unified AGN model (Antonucci 1993; Urry & Padovani 1995) allows us to understand some differences in the spectra of various AGN types as being caused by different orientations of the sightline towards the central engine. For the vast majority of known quasars, the UV-optical SED is well represented by global composite spectra produced from large samples (e.g., Francis et al. 1991; Zheng et al. 1997; Vanden Berk et al. 2001) , where discretion should be exercised however when using the composite of one sample as a template for other samples Richards et al. 2003) .
It is to be expected that various predicted spectral features, such as the spectral slope or the strength of broad emission lines, can change from quasar to quasar owing to variations in physical parameters (e.g., Koratkar & Blaes 1999; Laor & Davis 2011) , and there is empirical evidence that spectral properties can also be modified by variability (Kinney et al. 1990; Wilhite et al. 2005; Meusinger et al. 2011) . Further modifications of the spectrum can be caused by absorption from material related to the quasar itself, to the host galaxy, or from unrelated intervening matter along the line of sight. In addition, some spectral features can be diluted by unrelated emission components (Johnston et al. 2003; Kishimoto et al. 2008) or magnified by gravitational lensing (Abajas et al. 2007; Yonehara et al. 2008; Blackburne et al. 2011) .
On the other hand, it is not to be expected that quasars are fully described by a static model, because "quasars are not things so much as processes" (Richards et al. 2011) . Over approximately the past decade, spectroscopic surveys have revealed a variety of quasar spectra that dramatically differ from the standard SED, and confirmed the existence of populations of exotic and hitherto unknown quasar types (Fan et al. 1999; White et al. 2000; Menou et al. 2001; Hines 2001; Hall et al. 2002 Hall et al. , 2004 Brunner et al. 2003; Meusinger et al. 2005; Plotkin et al. 2008; Diamond-Stanic et al. 2009; Urrutia et al. 2009 ). The discovery and investigation of these rare peculiar objects is important because they may represent links to special evolutionary stages and provide an excellent laboratory to study feedback mechanisms between star formation and accretion activity. There are strong indications from different lines of thought for a tight relationship between the activity and growth of massive black holes and the evolution of their host galaxies (e.g., Sanders et al. 1988; Magorrian et al. 1998; Kauffmann & Hähnelt 2000; Taniguchi 2003; Häring & Rix 2004; Hopkins et al. 2006; Kauffmann & Heckman 2009; Meng et al. 2010; Shabala et al. 2011 ). Much attention has been focused in particular on identifying the youthful quasar population.
There are several tentative arguments supporting the view that young quasars are associated with gaseous outflows and absorption by dust and gas. Many AGNs show blueshifted absorption from outflowing matter (Ganguly & Brotherton 2008) . Very broad absorption lines (BALs) corresponding to a wide variety of velocities are observed in luminous quasars. These BALs are naturally explained as footprints of powerful, sub-relativistic (up to ∼ 0.2c) outflows (Weymann et al. 1991) , which are perhaps related to radiation-driven winds from the accretion disc (Murray & Chiang 1998) . Broad absorption lines are thus the most obvious manifestation of matter accelerated by the central engine of AGNs. It has been frequently argued that the BAL fraction can be explained as being caused by an orientation effect within the unification model where otherwise normal quasars are seen at sightlines close to the equatorial plane of the AGN (Weymann et al. 1991) . Typical BAL quasars are often subdivided into those showing broad absorption lines from only high-ionisation species such as C iv and N v (HiBALs) and those showing in addition also absorption from low-ionisation species such as Mg ii and Al iii (LoBALs). A rare subclass of the LoBAL quasars are the FeLoBALs with absorption from metastable excited states of Fe II and Fe III (Hazard et al. 1987; . The BAL quasars are thought to account for between 10% and ∼ 40% of all quasars (Hewett & Foltz 2003; Reichard et al. 2003; Carballo et al. 2006; Trump et al. 2006; Dai et al. 2008; Gibson et al. 2009; Allen et al. 2011) . We note that the exact BAL fraction is not trivial to determine because of differential selection effects between BAL quasars and non-BAL quasars. In addition, different definitions of BAL quasars have been used in different studies. According to the criteria applied by Trump et al. (2006) , BAL quasars comprise 26% of quasars, LoBALs about 1.3%, and FeLoBALs about 0.3% (these being the raw fractions without correction for the additional reddening of BAL quasars compared to non-BALs).
Outflows are believed to be fundamental to understanding both the overall picture of AGNs and the AGN feedback. Despite their importance, BAL quasars remain poorly understood. In particular, there is currently no concensus about the role of evolutionary effects in determining the properties of BAL quasars. The properties of HiBAL quasars appear to be consistent with the pure orientation model (e.g., Surdej & Hutsemekers 1987; Gallagher et al. 2007; Doi et al. 2009 ). On the other hand, LoBAL quasars may not be explained by orientation alone (e.g., Ghosh & Punsly 2007; Montenegro-Montes et al. 2009; Zhang et al. 2010 ; but see Gallagher et al. 2007 and Chajet 2011) . Their properties probably depend on both orientation and evolution effects (Richards et al. 2011; Allen et al. 2011) . Based on the shape of the continuum in the UV and X-rays and on the BAL fraction in the infrared, it has been suggested that FeLoBAL quasars in particular probe a much more obscured quasar population than non-BAL quasars and may represent a young evolutionary stage when a thick shroud of gas and dust is being expelled from the central region of the AGN (Voit et al. 1993; Becker et al. 1997; Canalizo & Stockton 2001; Lípari et al. 2009; Dai et al. 2010; Farrah et al. 2010) .
It was suggested by early studies that AGNs spend a substantial fraction of their lifetimes in a dust-enshrouded environment. This picture was based on the scenario of merger-driven AGN activity (e.g., Sanders et al. 1988; Canalizo & Stockton 2001; Komossa et al. 2003; Hopkins et al. 2005 Hopkins et al. ,2006 Guyon et al. 2006; Bennert et al. 2008) . Major mergers of gas-rich galaxies are very efficient in driving gas and dust to the central regions thus feeding both circumnuclear starbursts and accretion onto massive black holes (e.g., Hernquist 1989; Springel et al. 2005) . The natural consequences are not only a connection between nuclear accretion activity and starbursts but also the prediction of a substantial fraction of very dusty quasars. Studies in the radio, infrared, and hard X-ray domain (e.g. Webster et al. 1995; Cutri et al. 2001; White et al. 2003; Glikman et al. 2007 ; Leipski et al. 2008; Polletta et al. 2008 ) have revealed a large population (perhaps > 50%) of dust-reddened quasars that optical colour surveys tend to miss and that are not fully explained by obscuration in the framework of the (static) unified model (Martínez-Sansigre et al. 2006; Georgakakis et al. 2009; Urrutia et al. 2009 ). Though it is much more difficult to find dustobscured quasars in the optical, it is also not unrealistic to expect moderately reddened quasars in optical surveys.
Another category of unusual quasar spectra that has been discovered by large spectroscopic surveys, typically display the unobscured UV quasar continuum but extremely weak or undectable emission lines. The first such quasars were detected more than one decade ago (McDowell et al. 1995; Fan et al. 1999) . About 80 luminous sources of this type with 2.2 ≤ z ≤ 5.9 have since been identified by the Sloan Digital Sky Survey (Shemmer et al. 2010 and references therein). Various suggestions have been made to explain the absence of broad lines in unobscured quasars (e.g., Shemmer et al. 2010; Laor & Davis 2011 ; and references therein) but this AGN type remains puzzling. A subset of quasars with weak UV emission lines have been identified that are known as PHL 1811 analogs (Leighly et al. 2001; Leighly et al. 2007; Wu et al. 2011 Wu et al. ,2012 . Leighly et al. (2007) suggested that the weak UV emission lines of these objects are due to an unusual soft SED deficient in ionising photons, perhaps due to exceptionally high Eddington ratios (see e.g., Shemmer et al. 2009 and references therein). On the basis of the multi-epoch photometric data of the quasars in the SDSS stripe 82, Meusinger et al. (2011) found that weak-line quasars are less variable than normal. This seems to be consistent with the suggestion (Hryniewicz et al. 2010 ) that these quasars are in an early evolutionary stage. However, we note that the sample of weak-line quasars with reliable variability data is small and needs to be checked carefully for possible stellar contamination.
Unusually strong Fe ii emission is observed for a small fraction of quasars. The Fe ii emission extends from the near-UV to the optical region and is often one of the most prominent spectral features. The strength of the optical Fe ii emission is one of the parameters that control a set of correlations between various emission line properties, known as the Eigenvector 1 (E1, Boroson & Green 1992) . Eigenvector 1 is thought to serve as a surrogate H-R diagram for AGNs (Sulentic et al. 2007 ). The principal driver of E1 seems to be the accretion rate, which may be related to the evolutionary state. Strong iron emission is correlated to the occurrence of BAL troughs (Boroson & Meyers 1992; Zhang et al. 2010) .
We finally note that double-peaked broad emission lines are another type of rare feature in quasar spectra (Halpern et al. 2001; Strateva et al. 2003; Luo et al. 2009; Chornock et al. 2010) . Strateva et al. (2003) presented a sample of 116 double-peaked Balmer line AGNs (corresponding to ∼ 4% of low-z AGNs). The spectral signature of this subclass is displaced red and blue peaks of the emission lines similar to double-peaked emission lines found in the spectra of cataclysmic variables. Double-peaked emission lines are believed to originate from rotational motion in a relativistic accretion disc. High rotational velocities in combination with a highly inclined disc and strong reddening can alter the AGN spectrum significantly (Hall et al. 2002) . To date, the double-peak effect has only been observed in low-ionisation lines, while the UV lines, which dominate the spectra of highz quasars, are usually single-peaked. For some double-peaked AGNs, a subparsec supermassive black hole binary has been suggested as explanation (Gaskell 1983; Tang et al. 2009 ). The existence of close massive black-hole binaries appears as a natural consequence of galaxy mergers.
About one decade ago, only a few peculiar quasars had been discovered, mainly from follow-up of radio sources from the FIRST survey (Becker et al. 1995 White et al. 2000) . The Sloan Digital Sky Survey (SDSS; York et al. 2006 ) demonstrated in its early phase that these rare objects are not unique, but are members of populations of very peculiar quasars that were occasionally found to have spectral properties never seen before (Hall et al. 2002) . Meanwhile, the SDSS has dramatically increased the number of spectroscopically confirmed quasars. With its efficient quasar selection technique and huge number of high-quality spectra, the SDSS is uniquely qualified to significantly increase the samples of unusual quasars.
The present paper aims to select spectroscopic outliers among the quasars from the SDSS Seventh Data Release (DR7; Abazajian 2009 ). The database is shortly described in Sect. 2. The selection itself is based on an artificial neural network algorithm that uses unsupervised learning (Sect. 3). The strategy of unusual quasar selection, the rejection of contaminating sources, and the classification of the selected objects are described in Sect. 4. The final catalogue and sample-averaged properties, including composite spectra, are discussed in Sect. 5, followed by the presentation and discussion of 32 particularly strange spectra. Summary and conclusions are given in Sect. 7. Standard cosmological parameters H 0 = 71 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73 are used throughout the paper.
Database: Sloan Digital Sky Survey
The Sloan Digital Sky Survey (SDSS; York et al. 2006 ) mapped one quarter of the sky and performed a redshift survey of galaxies, quasars, and stars. The total spectroscopic survey area covers 9380 square degrees of the high Galactic latitude sky. The spectra were taken with the 2.5 m SDSS telescope at Apache Point Observatory equipped with a pair of double fibre-fed spectrographs. As the spectra are collected, the data is passed on and filtered through the spectroscopic pipeline. The automated system produces wavelength and flux-calibrated spectra, measures emission and absorption lines, classifies spectra, and determines the redshifts, which are, among other data, written into the headers of the fits files containing the spectra. The spectra are made publicly available via the SDSS Data Archive Server (DAS). The present study uses quasar spectra from the SDSS Seventh Data Release (DR7; Abazajan et al. 2009 ) available from the DAS. The DR7, marking the completion of the original goals of the SDSS and the end of the phase known as SDSS-II, contains 1 440 961 spectra in total (after removing skies and duplicates), including 121 363 quasar spectra. The spectra cover the wavelength range 3800-9200Å with a resolution of ∼ 2000 and sampling of ∼ 2.4 pixels per resolution element.
The majority of quasars were selected for spectroscopic follow-up according to their deviation away from the "stellar locus" in the multidimensional SDSS colour space. The SDSS filter system allows us to discover quasars over the redshift range from ∼ 0 to 7. In addition to the multicolour selection, a small fraction of unresolved objects were selected as primary quasar candidates because their SDSS positions closely match either the positions of radio sources from the VLA FIRST survey (Becker et al. 1995) or of ROSAT X-ray sources (Voges et al. 2000) . A fully detailed description of the SDSS method of selecting quasars is given by Richards et al. (2002) .
A catalogue of 105 783 quasars from the SDSS DR7 was compiled and published by Schneider et al. (2010) as the Fifth Edition of the SDSS Quasar Catalogue (hereafter QCDR7). This catalogue illustrates the unprecedented impact that SDSS has made for the quasar database. Nevertheless, since the present study is aimed at the search for very unusual SDSS quasar spectra, our quasar selection is based on the spectra available via the Data Archive Sever of the SDSS DR7 instead of using the QCDR7.
Kohonen self-organising maps
The self-organising map (SOM) algorithm (Kohonen 1982 (Kohonen , 2001 ) is an example of unsupervised learning of an artificial neural network. It is an effective tool to project higher-dimensional input data onto a two-dimensional (2D) topological map. In this way, the algorithm has the capability of sorting input data onto a plane according to similarity and thus ideally prepares the data for visual inspection. To achieve this goal, each input element is assigned to one neuron in the network. All neurons of the network are organised onto a 2D grid. In each learning step, the input element is reassigned to some neuron, depending on matching criteria described in Sect. 3.2. Through this iterative stochastic process, the neural network is capable of learning, since it is designed to adapt to the input space. Therefore, input elements are not placed randomly, but increasingly closer to similar input elements, thereby clustering the input data.
The characteristic evolution of the Kohonen map of quasar spectra is illustrated in Figs. 1 and 2. About 5 10 3 quasar spectra from the Fourth Data Release (DR4; Adelman-McCarthy et al. 2006) were arranged in 200 iteration steps 1 . The 18 panels show the 2D arrangement of the spectra at different iteration steps (top: 1, 2, 3, 4, 6, 8, middle: 10, 20, 30, 40, 60, 80, bottom: 100, 120, 140, 160, 180, 200) . In Fig. 1 , the redshifts z from the spectroscopic pipeline of the SDSS are highlighted by means of colour coding. The gradient from dark to bright (black to yellow in the colour image) represents the range from low to high redshift. About 20% of the pixels are not associated with spectra and are A usual way of representing a SOM is the unified distance matrix (U-matrix; Ultsch & Siemon 1990) shown in Fig. 2 for the same iteration steps as in Fig. 1 . The U-matrix visualises the differences between the spectra and their neighbours. Light colours indicate high degrees of variation between adjacent spectra. Strong differences between the neighbours on the map are measured, in particular, for rare peculiar spectra. Fig. 2 illustrates that these outliers tend to settle at the edges and corners of the final SOM. This is a useful property of the Kohonen maps that allows the efficient selection of unusual spectra.
For the present study, the quasar spectra from the SDSS DR7 were clustered according to their relative differences. At a given redshift, these differences are dominated by the shape of the continuum and the presence of strong/broad absorption and emission features. Ideally, the spectra will be sorted according to their spectral subtypes, thus differentiating between quasar subclasses.
In this Section we describe the preparation of the spectral dataset and the SOM algorithm in a mathematically handwaving manner. A more detailed description of the method and the visualisation of results from the Kohonen mapping of large samples of spectra will be given elsewhere (in der Au et al., in preparation).
Data set
An SQL query asking for quasars (spec cln = 3 or 4, i.e., quasar or high-z quasar) with redshifts z > 0.5 in the SDSS DR7 returned 103 955 spectra. We are aware of the possibility that some unusual quasar spectra were classified by the SDSS spectroscopic pipeline as unknown objects (spectral class = unknown, spec cln = 0). However, the subsample of the unknowns is quite heterogeneous in nature and contains a high fraction of spectra with low signal-to-noise ratios (S/Ns). In addition, there are, of course, no reliable redshifts given for these objects. As a consequence, analysing the SOMs of this subsample requires a different approach than for the quasars. The present paper is concerned with the SOMs of the quasar sample (but see Sect. 6.2 for an exception). The computation and systematic analysis of the SOMs for the unknowns is in preparation and will be the subject of a separate investigation.
As a first step, the overall size of the data set was reduced. We extracted the spectra from the fits files, together with the selected header keywords z, spec cln, mjd, fiberid, and plateid. As our search for unusual quasars was designed to identify spectral peculiarities covering a wide spectral range, such as strong BALs, overlapping absorption troughs, and strong reddening, we reduced the resolution of the spectra used for the Kohonen method by a factor of four, which resulted in ∼ 975 pixels covering the wavelength range of 3800 − 9200Å in the observer frame. The consequence was a significant gain of computation time. In the subsequent process of evaluating the selected spectra we used, however, the original SDSS spectra. All spectra were normalised to the integrated flux density.
The Kohonen method applied to the whole sample of quasar spectra is expected to separate the spectra according to their redshifts z (Fig. 1) . However, we repeat that it was our aim to search for unusual spectra. It is therefore advisable to apply the method to the quasars in narrow z intervals. The bin size ∆z should be small enough to ensure that the differences between the spectra, as seen by the SOM, caused by their different redshifts are smaller than the differences due to any spectral peculiarities. On the other hand, the intervals must be wide enough to cover a large enough number of spectra. After some trials, we found that ∆z ∼ 0.1 is a good choice. Hence, we produced SOMs for the quasar spectra in redshift bins with a 0.1 redshift step size. The mean number of spectra per bin amounts to 2 680, ranging from 165 to 6 847.
SOM algorithm
The set of input data (i.e. spectra) is defined as vectors x( j) = ξ 1 ( j), .., ξ n ( j) ∈ n , where n = 975 is the number of pixels in each spectrum and j denotes the index in the sequence of source spectra j = 0 . . . j max (where j max strongly varies with z). The neural network consists of i ∈ {1 . . . N} neurons, represented by weight vectors m i = µ i,1 , . . . , µ i,n ∈ n , that are organised on a two-dimensional grid. We use a flat grid with closed boundaries (in contrast to cylindrical or toroidal boundary conditions). The weight vectors are modified in each iteration step and thus vary with the discrete time coordinate t = 0, 1, 2, . . . , t max , i.e., m i = m i (t). Each weight vector m i can be considered as an artificial spectrum. The entire set of weight vectors approximates the distribution of input spectra.
The SOM algorithm is essentially based on two processes that are responsible for the self-organising properties of the neural network: (1) determining the best-matching unit (BMU) for a given randomly chosen input element and (2) the successive adaptation of the weight vectors in the neighbourhood of the BMU towards the given input element.
For a given spectrum x( j), the Euclidean distance x( j) − m i to each neuron m i is computed and the BMU is identified with the winning neuron m c , i.e. the neuron for which the distance is minimised, i.e.,
In the next iteration step (t → t + 1), an adaptation of all neurons is performed, according to their difference from a spectrum x j and the neighbourhood function h c,i (τ)
where τ = t/t max . The neighbourhood function
acts as a smoothing kernel over the network and converges to zero with an increasing number of learning steps. The vectors r c ∈ 2 and r i ∈ 2 are the location vector of the BMU and and the location vector of the weight vector m i , respectively. Compared to the frequently used Gaussian smoothing kernel, Eq. (3) uses a slightly modified version that has broader wings and a sharper peak. We found from various trials that Eq. (3) yields more reliable clustering results.
The process of finding the BMU and adapting the weight vectors is performed for each input spectrum in random order within each learning step. The neighbourhood function is modified over time by the learning rate α(τ) and the radius function σ(t) in such a way that (a) the map develops large-scale structures in the early phase, while (b) finer adjustments occur in later steps. Both functions are assumed to monotonically decrease with time τ ∈ {0 . . . 1} and are parametrised in the simple way
where α 0 , α 1 , σ 0 , σ 1 are the learning parameters of the Kohonen network with α 0 ≥ α 1 and σ 0 ≥ σ 1 . The values used here are listed in Tab. 1. The number of neurons in the network must at least correspond to the number of source spectra but can be larger, i.e., We found that a ratio of N/ j max ≈ 1.2 represents a good tradeoff. Hence, the grid size varies between 14 × 14 and 91 × 91 neurons for the highest-z bin and the 1.5 < z ≤ 1.6 bin, respectively.
In the beginning of the iteration process at t = 0, each weight vector m i (0) is initialised with a random input spectrum x( j). The initialisation with purely random weight vectors would require much more learning steps to obtain comparable results. In each iteration step, we start by computing the Euclidean distances for the first input spectrum to all weight vectors within the network. The weight vector with the shortest distance is identified with the BMU for this particular input spectrum. Hence, the input spectrum is moved to its network location for this particular learning step. The BMU and all other weight vectors are then updated according to the neighbourhood function. This process is repeated for all remaining input spectra and over multiple learning steps until convergence is reached, i.e. until the BMUs and the associated input spectra essentially remain at the same positions in successive iteration steps. In our case of relatively small maps, the re-distribution of the spectra reaches sufficient convergence after about 100 iteration steps. Originally, our search for unusual spectra was focused on unusual FeLoBAL quasars. The longest-wavelength lines of the strongest UV iron multiplet, UV 1, (λ ≤ 2600Å) is shifted into the spectral window of the SDSS spectra for z > ∼ 0.6. This defines the lower limit for our quasar selection. The upper limit is set at z < ∼ 4.3 by the demands that (a) the C iv line should be well within the spectral window and (b) the number of quasars per z bin must not be too small. Therewith, the quasar sample is restricted to the range z = 0.6 . . . 4.3. Altogether, 99 151 spectra in this z range were analysed with the Kohonen method.
For each of the 37 resulting SOMs, the corresponding grid of spectra was produced in the form of an "icon map", where the spectral resolution was reduced by an order of magnitude. Outlier spectra are clustered at the edges and corners of the SOMs (Sect. 3, Figs. 1 and 2) and are thus easy to select by means of the visual inspection of the icon maps. The selected quasar sample is expected to contain various spectral types. We note, however, that the selection procedure (a) is certainly not free of a subjective bias, (b) does not use a quantitative criterion, and (c) is thus incomplete. The latter is, of course, a direct consequence of the term "unusual" not being defined a priori.
We selected 1575 spectra of 1530 objects, 41 objects from this sample have more than one spectrum in DR7. The selected spectra were first corrected for Galactic foreground extinction and then individually checked to estimate z and object type. The Milky Way extinction curve from Pei (1992) was used for the extinction correction with E(B − V) obtained from the "Galactic Dust Extinction Service" 3 of the NASA/IPAC Infrared Science Archive.
While obtaining the redshift from a typical quasar spectrum is mostly straightforward, the situation is different for highly unusual spectra. If prominent emission lines are present and clearly identified, the redshift is estimated as usual by comparing the measured line centres with a catalogue of their rest-frame wavelengths. The spectral lines were selected manually to account for such effects as noise, broad absorption lines, or artefacts from bright night-sky lines. If the spectrum is not dominated by BAL troughs and emission lines are only rudimentarily present, or not at all, we tried to estimate the redshift by fitting the continuum to that of the SDSS quasar composite spectrum (VandenBerk et al. 2001) . Redshift estimation was approached with particuliar caution for the BAL quasars without clearly identified emission lines but with many narrow absorption troughs or overlapping troughs. Here, we basically follow the approach outlined by Hall et al. (2002) . In several cases, redshifts could be estimated only roughly. Dubious as well as uncertain redshifts were flagged: f z = 1 for likely but not certain, 2 for uncertain due to the lack of redshift indicators, and 3 for uncertain due to low S/N, respectively. For example, z could not be estimated for three objects with featureless blue spectra, which were flagged therefore f z = 2.
Contamination
The procedure of individually investigating each spectrum was repeated in three consecutive, independent runs. At the end, 1014 of the selected 1530 objects (66%) were included in the (preliminary) catalogue of unusual quasars, 8% turned out to be stars, another 8% were classified as galaxies, and 5% were rejected because of too low S/N and/or errors. About 13% were rejected as (nearly) normal quasars. Some of these quasars were positioned on the SOM in the area of unusual spectra because the assigned redshift from the SDSS pipeline was wrong. Others were simply located in transition regions between unusual and usual spectra but turned out to be, more or less, usual when individually inspected. Objects displaying strong stellar continua and typical low-z absorption and/or narrow emission lines without broad components were simply classified as galaxies and subsequently rejected. Among the remaining 1014 catalogue entries, there are 18 objects for which z is very uncertain or not determined at all ( f z > 1).
Most of the rejected stars were of late spectral type, a few others are early-type stars and a small fraction were identified with exotic types. While normal stars were easily recognised based on their typical spectral features and rejected from the database, there remains a risk that some (a few) rather unusual stellar spectra were not correctly identified, e.g., rare types of white dwarfs (WD; Schmidt et al. 1999 Schmidt et al. ,2007 Szkody et al. Fig. 3 . Examples for unusual spectra which were confirmed (panels a to g) or not confirmed (panel h), respectively, as rare types of stellar contaminants in the initially selected quasar sample.
2004; Carollo et al. 2006) . Fig. 3 a-g show peculiar spectra that were classified as quasars by SDSS but rejected later on in the present study either during the inspection of the spectra or as a result of proper motion determinations (see below): (a) the superimposition of the spectra of a normal quasar and a latetype star (SDSS J014349.15+002128.3), (b) the WD-M star binary SDSS J100658.64+121133.9 (Heller et al. 2009 ), (c) a member of the new class of magnetic WD binaries with extremely low mass transfer rates (SDSS J103100.55+202832.1; Schmidt et al. 2007) , (d) a rare magnetic cataclysmic variable with extreme cyclotron features (SDSS J132411.57+032050.4; Szkody et al. 2004) , (e) the newly discovered proper motion star SDSS J020731.81+004941.6 4 ( Table 2 ). In a first attempt, we had classified SDSS J020731.81+004941.6 as a low-redshift FeLoBAL quasar (similar to SDSS J112526.12+002901.3 and SDSS J112828.31+011337.9 from Hall et al. 2002) . Its significant proper motion suggests that SDSS J020731.81+004941.6 is a possible extreme DZ or carbon star, (f) the newly discovered proper motion DQ WD SDSS J020534.13+215559.7, and (g) the featureless blue spectrum of a newly discovered proper motion star (SDSS J084357.71+115624.1).
Finally, SDSS J014733.58+000323.2 ( Fig. 3 h) is an example of a spectrum that was erroneously rejected in our first analysis attempt. The object was classified as a stellar mass blackhole candidate by Chisholm et al. (2003) . Though there is a blue continuum with apparent broad emission-line components, these lines do not fit the positions of the typical broad lines in quasar spectra. Our referee, Dr. Patrick B. Hall, pointed out that there is C ivλλ 1548.20,1550.77 absorption at z=1.8815. This high redshift clearly proves that SDSS J014733.58+000323.2 is a quasar. The closer inspection of the spectrum leads to its classification as a slightly reddened (E(B − V) = 0.07 for SMC-like dust) weakline quasar at z = 1.98 without C iii] emission and with a shift between the C iv and Mg ii emission lines.
Stellar contamination remains a serious problem even after the individual inspection of all spectra. Various studies have used astrometric information for the quasar selection (e.g., Sandage & Luyten 1967; Kron & Chiu 1981; Meusinger et al. 2002 Meusinger et al. ,2003 Kaczmarczik et al. 2009; Lang et al. 2009 ). Quasars are sufficiently distant to able to neglect there having any measurable absolute proper motion (pm) in presently available position data. Therefore, absolute pm are considered helpful data to discriminate quasars from (nearby) stars. We cross-correlate our quasar sample with the PPMXL catalogue (Röser et al. 2010 ). This catalogue is the largest collection (of nearly one billion objects) of pm in the International Celestial Reference System (ICRS), which is primarily realized by the Hipparcos catalogue. The PPMXL aims to be complete down to V ∼ 20, while our quasar sample extends to fainter magnitudes (mean g magnitude g = 20.02 ± 1.41). With a search radius of 5 , we identified 918 objects (91%) from our sample in the PPMXL (mean position difference 0. 3). We express the probability of significant non-zero pm in terms of a simple pm index, which is defined as the total pm µ in units of the pm error :
For the 918 identified objects, we found a mean value of I pm = 2.46 and a median at 0.98; 90% of the objects have I pm < 2.5. We restricted the further analysis to the 95 objects with I pm > 2.5. One third of this subsample have large pm µ > 150 arcsec yr −1 , which are likely due to these objects beeing fakes (Röser et al. 2010) . We re-investigated the spectra of all 95 pm candidates and searched for possible entries in the SIMBAD 5 and NED 6 database. For only one object, SDSS J020534.13+215559.7, did the spectrum turn out to be characteristic of a DQ WD (Fig. 3) . The star was not found in any stellar database. For 81 objects, the spectra could be assigned to quasars without doubt, another 9 objects are likely quasars. Another four selected pm candidates have relatively featureless spectra, one of them, SDSS J153939.1+274438, is a known radio source with dominant blazar characteristics (Massaro et al. 2009 ). The large AGN fraction among the pm-selected objects obviously means that the accuracy of the available pm data is insufficient to efficiently select stellar contaminants in the magnitude range of our sample. The trend of increasing I pm with fainter magnitudes (e.g., I pm = 1.12 for g < 20 compared to I pm = 4.10 for g > 20) and vice versa (e.g., g = 19.7 for I pm ≤ 2.5 compared to g = 21.0 for I pm > 2.5) indicates that the pm errors are systematically underestimated at faint magnitudes.
In a second step, we therefore used all available multi-epoch positions from different sky surveys to determine an improved pm. The longest time baseline (with epochs between 1950 and 2002) was provided by the SuperCOSMOS Sky Surveys (SSS; Hambly et al. 2001) , including the measurements of overlapping Schmidt plates. In the case of problems with the SSS measurements on the first epoch Palomar Observatory Sky Survey (POSS1) plates, we used the APM measurements of these POSS1 plates (McMahon et al. 2000) . New data (for epochs between 1998 and 2009) came from two data releases of the SDSS (DR7, Abazajian et al. 2009; DR8, Aihara et al. 2011 ; with 30-70 epochs in the equatorial stripe), the eighth data release of UKIDSS 7 , and for the brightest objects, from the Carlsberg Meridian Catalog (2006) The procedure was applied to objects from three subsamples: (a) the 95 pm candidates from the PPMXL, (b) the two "mysterious" objects from Hall et al. (2002) and 15 possibly related objects (Sect. 6.2), and (c) an additional 9 objects that had either featureless spectra or spectral features we were unable to interpret. Among these 121 objects are in particular all those with f z = 2. As expected, most quasar candidates have zero proper motions that we were able to measure very accurately if many epochs were available. However, for seven candidates we found significant proper motions (Table 2) . With the exception of SDSS J144354.73+242906.6, the spectra of all these objects 7 The UKIDSS project is defined in Lawrence et al. (2007) are blue and suggest that their classification as WDs with the spectral types given in the last column of Tab. 2. The spectra of SDSS J134913.51+205646.9 and SDSS J144354.73+242906.6 are noisy; the former is probably a DC and the latter may be a late-type star, but the S/N is too low for a reliable type estimation to be possible. Another two unusual quasar candidates, SDSS J032907.24+002438.4 and SDSS J033716.08+000041.7, turned out to be galaxies. These 9 entries were removed so that our catalogue finally contains 1005 entries, among them 14 objects with f z ≥ 2 that were excluded from the statistical investigations described in Sect. 5. 29.2 ± 1.0 −6.2 ± 1.5 39 Z 024058.80 − 003934.5 −10.4 ± 0.9 −7.5 ± 1.2 80 C 084357.71 + 115624.1 −9.4 ± 8.0 +45.8 ± 6.0 9 C 100149.22 + 144123.8 −345.5 ± 1.5 −2.3 ± 3.5 7 C 134913.51 + 205646.9 −68.4 ± 8.7 −17.6 ± 3.8 5 ? 144354.73 + 242906.6 −107.7 ± 6.2 −112.8 ± 7.1 6 ?
As emphasised above, our method of selecting unusual quasars is not aimed at a complete sample. Nevertheless, to get an idea of the completeness we considered the sample of the unusual BAL quasars from Hall et al. (2002) . Among these 23 objects, four were classified by the SDSS DR7 as unknown (spec cln=0), and for another three the spectra were unavailable for download. Hence, 16 quasars from this sample are expected to be selected by our approach. Only one Hall quasar is missed, SDSS J121441.42 − 000137.8, a BAL quasar with possible relatively strong Fe iii absorption.
Categories of unusual quasar spectra
According to the different areas populated by unusual quasar spectra in the Kohonen maps, a classification into essentially four categories was immediately suggested. The corresponding dominant spectral features are (a) strong BALs, (b) red continua, (c) weak or absent emission lines, and (d) strong optical or UV iron emission. As a result of evaluating all selected spectra, we decided to subdivide the first category into two types: unusual BAL structures (mostly LoBALs) and more or less normal BAL quasars (mostly strong HiBALs). Moreover, we found that the category of red quasars contains a substantial fraction of spectra where the continuum is significantly red or reddened at UV wavelengths (e.g., λ < ∼ 3000Å), but seem to reasonably fit the SDSS quasar composite spectrum at longer wavelengths (see also Hall et al. 2002 , their section 6.3.1). Therefore, we split this category into the two types of (pure) red continua and UVred continua, though it was unclear ab initio whether they represent distinct types. Finally, a relatively small number of objects could not be adequately sorted into one of these six types. These quasars form a small and quite inhomogeneous group, including those that have spectra with exceptionally blue continuum, unusual line profiles, unusual continuum shape (perhaps caused by an error in the flux calibration), or quasars with narrow emission lines but lacking substantial broad emission-line components (type 2 quasar candidates). Therewith, this paper deals with seven categories or types of unusual quasar spectra ( Fig. 5 ): A -Unusual BAL quasars (mostly LoBAL quasars); B -Quasars with strong but more or less usual BAL structures (mostly HiBALs); C -Quasars where the whole continuum is significantly redder than the SDSS composite; D -As type C, but strong reddening is obvious only in the UV; E -Quasars with weak or absent emission lines; F -Quasars with strong iron emission; M -Miscellaneous.
Since some of the selected spectra appear to be very complex, we decided to build the classification on the subjective impression of the overall picture rather than on quantitative criteria.
The transitions between the various categories are smooth. Many spectra show a mixing of characteristic features of two or three types (see e.g., Fig. 5 ). Therefore we allocated to each quasar up to three out of the seven possible types T i , i = 1 . . . 3 (T 1 T 2 T 3 ) ), where the significance decreased with i. Fortyone percent of the quasars have more than one classification and 8% have more than two. In particular, there is a strong coupling between unusual BALs, red continua, and strong iron emission. Table 3 lists all three types. In the rest of the paper, we consider the type of highest significance (T = T 1 ) only.
The catalogue
The results of our visual inspection of the spectra of the 1005 unusual SDSS quasars are given in Table 3 . The catalogue was matched with both the QCDR7 (Schneider et al. 2010 ) and the 08Jul16 version of the catalogue from the FIRST Survey (Becker et al. 1995) . The vast majority (98.3%) of the quasars have entries in the QCDR7 (quasar catalogue flag f c > 0). The agreement between the redshifts from the present study and those from the QCDR7 is generally good.
8 As expected, the discrepancies are larger when the redshifts from the SDSS pipeline are considered: 98 (41) quasars with deviations > 10(50)%. The 18 objects missed in the QCDR7 have normal absolute magnitudes and redshifts (M i = −25.5,z = 1.84) but their redshifts are mostly uncertain (6/7/4/0 objects have f z = 0/1/2/3). For these objects, the entries in cols. 6 and 8 of the catalogue were taken from the SDSS DR7 Explorer.
The full catalogue is available only in electronic form. Table 3 lists the first five entries for guidance regarding its content and form: Column (1): The running catalogue number. Column (2): The SDSS J2000 equatorial coordinates for the quasar (taken from the spectrum fits header). Column (3): The QCDR7 catalogue flag ( f c = 0: not in QCDR7, 1: in QCDR7 with z deviation ≤ 10%, 2: in QCDR7 with z deviation > 10%). Columns (4) and (5): The redshift z and the redshift flag f z from the present study ( f z = 0: certain, 1: likely but not certain, 2: lack of certainly identifiable redshift indicators, 3: low signal-to-noise). Column (6): The SDSS apparent i band magnitude corrected for Galactic foreground extinction. Column (7): The absolute i band magnitude, computed as described by Kennefick & Bursick (2008) for a spectral index α ν = −0.5. Columns (8): The FIRST radio detection flag from the QCDR7 (0 for non-detection). Column (9): The FIRST 1.4 GHz peak flux F 1.4 (mJy). Column (10): The radio loudness parameter R i computed from F 1.4 and the extinction-corrected SDSS i band magnitude following Ivezić et al. (2002) . Column (11): The peculiarity index χ 2 of the spectrum (Sect. 5.1). Columns (12) to (14): The type classifications from the present study (Sect. 4.3) in numerical format (1=A, 2=B, ...) for computational reasons. The priority decreases from T 1 to T 3 . Column (15): Comments on spectral peculiarities. Abbreviations:
-abs: absorption -ao: associated absorption -bel: blueshifted emission line 
Mean properties of the various unusual quasar types
The number of quasars in the seven types are listed in Table 4 along with some mean properties discussed below in this section. Table 4 . Mean properties of the unusual quasar types. 
Peculiarity index
As a quantitative measure of the deviation of a given spectrum from the SDSS quasar composite spectrum (VandenBerk 2001), we computed
where F n and F comp,n are the normalised spectra of the quasar and the composite, respectively, and σ is the average noise of F n . The wavelengths λ i refer to the observer frame and the index i indicates the pixel number. The quasar spectrum is normalised to the integrated flux with an integration interval from 4000Å to 9000Å for z < 2.29 and from 1216 · (1 + z)Å to 9000Å for z ≥ 2.29, respectively. The SDSS quasar composite spectrum was shifted to the redshift z and normalised to match the red end of F n (λ) at λ = 8600-9100Å. The noise σ was derived from the difference spectrum D n (λ) = F n (λ) −F n,s10 (λ), whereF n,s10 (λ) is the smoothed version of F n (λ) using a 20 pixel boxcar filter. To reduce the effect of residuals from narrow spectral features, five rest-frame wavelength intervals of ∼ 50Å width were selected where the contribution from emission lines is small (pseudocontinuum windows; see Sect. 5.5). The average standard devation of D n (λ) in these parts of the spectrum measured in the observer frame is taken as a proxy for σ. Care has been taken to exclude the regions around the strongest telluric emission lines at λ5577Å and λ6300Å.
At least for the statistical comparison of subsamples, χ 2 can be taken as a useful integral measure of the "peculiarity" of the spectrum. The individual values cover the broad range from ∼ 1 to 5 000 with a mean value of ∼ 50. For comparison, the 15 unusual Hall quasars (Hall et al. 2002) cover the range from 35 to 1089 with a mean value of 261. When we restrict the selection to χ 2 > 35, we have 296 quasars corresponding to an unusual quasar fraction of f uq = 296/99151 = 0.0029 in perfect agreement with 23/8000 = 0.0029 for the selection by Hall et al.. However, if we choose the threshold so that our selected sample has the same mean value of χ 2 as the Hall sample, our selection is much less efficient with f uq = 0.0012.
The peculiarity index χ 2 is particularly sensitive to deviations from the composite spectrum over wide wavelength intervals, i. e., owing to intrinsic reddening or an intrinsically red continuum. It is thus unsurprising that the largest values are measured for the red/UV-red quasars of the types C and D, but also type A. (However, type C spectra frequently suffer from strong noise, i.e., large values for σ). For weak-line quasars, on the other hand, the deviations are restricted mainly to the small wavelength intervals of the lines and thus χ 2 is generally small. The unusual BAL quasars of type A have significantly larger values of χ 2 than their more normal relatives of type B, in agreement with their stronger apparent intrinsic reddening (see below).
Redshifts and absolute magnitudes M i
The first row of Fig. 6 shows the histograms of the z distributions. As can be seen, the different types cover different redshift intervals. This is simply due to the limited spectral window of the observations in combination with the characteristic spectral features being tied to special wavelength intervals. For example, the change in the continuum slope for the type D quasars fre- quently appears around rest-frame wavelengths between 2000Å to 3000Å and is thus best observed for z ∼ 1.5. At higher z, the wavelength of the turnover is shifted towards and beyond the red edge of the spectral window and the spectrum appears to be red (see also Fig. 5 ). Strong Fe emission in the UV is restricted to the same wavelength interval. Consequently, quasars of types D and F cover similar z intervals.
In the second row of Fig. 6 , the absolute magnitudes M i are plotted as a function of z (crosses), along with the median relation and 1σ deviations for the QCDR7 quasars. Owing to the strong inherent redshift bias, the M i distribution of any type cannot be compared with that from the whole QCDR7. For the same reason, the M i distributions of the various quasar types cannot be compared with each other. Therefore, we constructed for each type corresponding comparison samples from the QCDR7 that have identical z distributions. For every quasar (redshift z, flag f z < 2), we randomly selected one quasar from the QCDR7 with a redshift in the interval z − 0.05 . . . z + 0.05. This procedure was performed 100 times to create 100 different comparison samples.
To test whether our unusual quasars and their comparison samples represent the same quasar population with respect to M i , we applied the two-tailed two-sample Kolmogorov-Smirnov (KS) test (e.g., Siegel & Castellan 1988) . The null hypothesis H0, that the members of a given type of unusual quasars have the same M i distribution as the quasars in a comparison sample from QCDR7, is tested against the alternative H1, that the M i distributions of the two samples are different. The KS test uses the maximum difference D = max i |S i − S i, comp | between the cumulative distributions S i from the two samples. For the twotailed test, H0 has to be rejected at a chosen level α if D is so large that the probability p of its occurrence is p < α. Since we have 100 comparison samples, we performed 100 tests per type. Adopting α = 0.05, H0 had to be rejected for all comparison samples of types E and F. For the other types the null hypothesis has to be rejected for only 45% of the tests for type C and for ≤ 10% for the types A, B, and D.
According to Fig. 6 , the quasars of types E and F tend to be more luminous than normal. We applied a one-tailed KS test with the alternative hypothesis H1 that unusual quasars are more luminous than usual quasars. Again, H0(α = 0.05) had to be rejected in favour of H1 for the types E and F. We conclude that both the weak-line quasars and the strong iron emitters are more luminous in the optical than typical quasars from QCDR7. Just et al. (2007) created a sample of 32 of the most luminous quasars from the SDSS DR3 quasar catalogue adopting a minimum luminosity at M i = −29.28. Our whole sample includes three quasars brighter than this threshold; all three are of type E, among them the ultra-luminous quasar SDSS J152156.5+520238 with M i = −30.17.
It is conceivable that our selection process for spectra with weak emission lines or with strong iron emission might have preferentially selected quasars with higher spectral S/N, which will be the more luminous ones at each redshift. We estimated S/N for the unusual quasar spectra as well as for the spectra of ∼ 10 4 comparison quasars. The noise was measured in defined areas of the spectrum as described in Sect. 5.1, the signal was given by the mean flux in the same areas. We indeed found a higher average S/N for the unusual quasars namely 11.3 and 15.6 for types E and F, respectively, compared to 8.1 and 9.2 for the corresponding comparison samples. This is, however, not com- pletely unexpected because of the trend of S/N with apparent magnitude. In the next step, we created new comparison samples where for each unusual quasar one comparison quasar was identified with similar z (as before) and with similar S/N. For either type E and F, we found that the absolute magnitudes M i of the unusual quasars of types E and F are on average about 0.4 mag brighter than the comparison samples of normal quasars. The KS test confirms that the differences are significant.
Among all six types, the red quasars of type C have the lowest optical luminosities, as expected. We performed the onetailed KS test to check whether the red quasars are significantly underluminous and found that this is unlikely to be the case.
Radio luminosity and loudness
The radio detection fraction, f RD , of our whole sample is 0.29, compared to 0.08 for the quasars from the QCDR7 in the same redshift range (0.5 ≤ z ≤ 4.4). A similar difference is seen for the fraction f RL of radio-loud quasars 9 , which is 0.22 in our sample, compared to 0.07 for the QCDR7 quasars. This could imply that independently of colour selection, unusual quasars are detectable over a much longer time span at the FIRST level than normal quasars. Alternatively, these significant differences may be caused by the SDSS having also targeted FIRST sources for spectroscopy when their optical colours did not meet the quasar selection criteria. The FIRST target flag is indeed set for 21% of the quasars in our sample, compared to 5% in the whole quasar catalogue.
To test whether the excess radio-detected unusual quasars were only discovered through FIRST targeting, we considered the numbers N F of quasars with the FIRST target flag set and N C of quasars with their colour target flag set. We found N F /N C = 0.33 for the unusual quasars compared to 0.07 for the QCDR7. A similar result was found when we compared the number N Fs of quasars selected solely by the FIRST selection (but not the colour selection) to the number N Cs of quasars without FIRST counterparts but selected solely based on their colours, namely N Fs /N Cs = 0.22 for the unusual quasars and 0.01 for the QCDR7. Moreover, when we binned the unusual quasars into intervals of χ 2 , it could be clearly seen that the fraction of quasars with their FIRST target flag set increases with the mean peculiarity index (Tab. 5). Both N F /N C and N Fs /N Cs rise strongly with χ 2 and reach values of ∼ 1 for the objects showing the strongest mean deviation from the SDSS quasar composite spectrum. We could identify no physical reason for such a trend and concluded therefore that the increase in the fraction f RD of quasars with FIRST detections towards the more peculiar spectra is more likely a selection bias: a large fraction of the unusual quasars were not selected by the colour selection criterion but were targeted by SDSS just because they had been detected as FIRST radio sources.
A similar trend, but weaker, was also observed for the fraction f RL of the radio-loud quasars. On the other hand, no indication of this trend is seen for the ratio f RL / f RD . The fraction of radio-loud among the radio-detected quasars for our whole sample is 0.76, compared to 0.90 for the QCDR7 sample. This means that our selection criterion of peculiar spectra did not induce a substantial bias towards quasars that are more active at radio frequencies than normal. On the other hand, it is interesting to study whether our lower radio loudness fraction is significant and how it depends on the type properties. For this purpose, we converted the FIRST radio flux densities F 1.4 to the specific luminosities L 1.4 emitted at 1.4 GHz (restframe) via log L 1.4 = 23.08 + 2 log D L + log F 1.4 − (1 + α) log (1 + z), (7) where L 1.4 and F 1.4 are given in W Hz −1 and mJy, respectively, D L is the luminosity distance in Gpc, and α is the spectral index (F ν ∝ ν α ), where we assumed that α = −0.5. The results are shown in Fig. 6 for the quasars of each type (crosses). The (normal) quasars from the QCDR7 are represented by the median relation and the area populated by 80% of the quasars closest to the median on either side.
As discussed above for the absolute magnitudes, comparison samples with the same z distribution are needed to check whether the radio luminosities in our sample differ from those of normal QCDR7 quasars. Such comparison samples were constructed in the same way as for M i , with the only exception that now only the subsamples of the radio-detected quasars (F 1.4 ≥ 1 mJy) were considered. We again first performed the two-tailed KS test with the null hypothesis H0, that there is no difference between the radio luminosities of the unusual quasars of a given type and the comparison sample from the QCDR7, and the alternative H1, that both groups have different radio properties. We found that H0 has to be rejected for all comparison samples of type A and for 80% of the comparison samples of type F. For the other types, the fraction of rejections is 20% or less. Since the fraction of radio-loud quasars tends to be smaller for the unusual quasars, we also applied one-tailed tests with H1: the radio luminosities of the unusual quasars are lower. We found that H0 has to be rejected in favour of H1 for the unusual BAL quasars of type A (p = 0.01) and the strong Fe-emitting quasars (p = 0.04) of type F. No such firm conclusion can be drawn for the other types.
The bottom row of Fig. 6 shows the distribution of the ratio f = N(L 1.4 )/N QC (L 1.4 ) where N(L 1.4 ) is the differential radio luminosity distribution for the corresponding type with equidistant log L 1.4 intervals and N QC (L 1.4 ) is the distribution averaged over 10 comparison samples from QCDR7, where both distributions are normalised. The vertical bars indicate the propagation of the counting errors of N(L 1.4 ) and N QC (L 1.4 ), which were identified with the Poisson limits at a confidence level of 0.84 10 . To compute the upper and lower Poisson levels, the approximate equations given by Gehrels (1986) were applied. It can be clearly seen that strong BALs are not among the most radio-loud quasars. The fraction of BAL quasars drops by a factor of at least three between log L 1.4 = 25 and 27. This decline in the fraction of BAL quasars with increasing radio power confirms previous results from Becker et al. (2000) for a smaller sample of BAL quasars and Shankar et al. (2008) for a larger sample based on 10 Corresponding to Gaussian statistics 1σ the catalogue of BAL quasars from Trump et al. (2006) . Shankar et al. (2008) argue that such a trend fits well within a simple geometric model. Together with the results in Tab. 5, the increase in f towards lower L 1.4 for type A indicates that the real fraction of unusual BAL quasars might be considerably larger than in present samples, where these quasars have instead been targeted mainly as FIRST radio sources.
Finally, we note that there is a similar trend of f (log L 1.4 ) for types B and C. This trend seems to also exist for type F but is not statistically significant.
Optical colours
Systematic trends of the SED can be illustrated by average spectra but also by the distribution of the colour indices. We first discuss the colours.
Since the colour indices of quasars vary with z, it is useful to study colour-redshift diagrams rather than colour-colour diagrams. Such colour-z diagrams are displayed in Fig. 7 for u − g, g − r, r − i, and r − K, where u, g, r, i are the SDSS magnitudes from the QCDR7 corrected for Galactic foreground extinction and K is the K band magnitude from the 2MASS survey (Skrutskie et al. 2006) . About 60% of our quasars have 2MASS measurements. We do not see significant differences between the subsamples with or without 2MASS counterparts. As in Fig. 6 , the quasars from the QCDR7 are plotted for comparison (median and 1σ deviation).
In general, BAL quasars are known to be significantly redder than those without BALs, and LoBAL quasars are even redder (Sprayberry & Foltz 1992; Reichard et al. 2003; Gibson et al. 2009 ). It can be clearly seen in Fig. 7 that types A to D tend to have redder colours than the whole SDSS quasar population with strongest deviations for type A. The colours of type C and D quasars are by definition redder than normal. For type E, the colour-redshift diagrams resemble those of the whole quasar population. The diagrams for type F quasars indicate a moderate reddening of u − g and g − r, while r − i and r − K are approximately the same as for normal quasars.
As shown in Sect. 5.2, types A to D have the same absolute magnitudes as normal quasars. However, if their red colours are due to intrinsic reddening by dust and/or gas, the intrinsic luminosities of these quasars appear to be higher than normal. In Sect. 5.6, we estimate the intrinsic absorption and perform the KS test for the correspondingly corrected M i .
Composite spectra
Composite spectra are particularly useful for determining the average spectral properties of quasar samples (Francis et al. 1991; VandenBerk et al. 2001; Richards et al. 2003) . The general procedure of constructing quasar composites is the following: after the redshifts are determined, the individual (foreground) extinction-corrected spectra are rebinned to a common wavelength scale in their restframe, and the quasars are sorted by redshift. Then, generating composites requires essentially two steps: (a) normalisation of the spectra and (b) combining the normalised spectra. Both steps can be performed in different ways.
The normalisation is not entirely trivial because the spectra cover different rest-frame wavelength intervals. To create global composite spectra of normal SDSS quasars, Vanden Berk et al. average spectrum (i.e., by its mean flux density in the wavelength interval of the overlap). The same procedure was applied in our previous study (Meusinger et al. 2011) . Here, however, we followed a slightly different approach. The main reason is that, for our present sample, the flux density of the overlapping interval can be strongly modified by the spectral peculiarities for which we search. Hence, we decided to restrict the normalisation to a few, relatively narrow continuum windows. Though there is no ideal continuum window where a suppression by BALs and/or the contribution from emission lines can be completely ignored, usable pseudo-windows exist however at 3540-3600Å, 3030-3090Å (Tsuzuki et al. 2006) , and 2000-2300Å (Sameshima et al. 2011) . We started by scaling the lowest-redshift spectra. If spectra existed with z < 1.5, they were arbitrarily normalised to an average flux density F λ = 1 over the wavelength interval λ = 3540-3600Å. The thus normalised spectra were combined to a first composite C 1 . Next, the spectra in the redshift range z =1.5-1.94 were scaled to the flux density of C 1 at λ = 3030-3090Å and the normalised spectra were co-added together with the normalized spectra from the previous step to create a second composite C 2 . In the same way, the continuum window at λ = 2200-2230Å was used to extend the composite C 3 to z =3. To include quasars at higher redshift, we introduced another pseudocontinuum window at λ = 1650-1700Å where the spectra with z > 3 were scaled to the flux density of C 3 .
Combining the normalised spectra to a composite requires choosing between mean or median and arithmetic or geometric averaging. Following Vanden Berk et al. (2001), we used combining techniques to create (a) the arithmetic median, which preserves the relative fluxes along the spectra, and (b) the geometric mean spectrum, which preserves the global shape of a power-law continuum. The arithmetic median spectrum was computed in the same way as in our previous study (Meusinger et al. 2011 ): All normalised (restframe) spectra S i of a given type were inserted into a 2D image, one spectrum per row with 1 Å binning on the horizontal axis. The arithmetic median was then computed by averaging over each column using the procedure average/image from the ESO-MIDAS package 11 with the median average option. A similar approach to the previous section was used for the geometric mean, where however the 2D image was build from the log S i instead of S i to compute the mean value log S i . The geometric mean spectrum S gm and the geometric standard deviation σ g are given by
The resulting spectra are shown on a log-log scale in Fig. 8 for the arithmetic median and in Fig. 9 for the geometric mean (extinction-corrected, see below), respectively, except for type M where a composite makes no sense as this subsample is too small and very heterogeneous. The spectra of different types have different normalisations owing to their different wavelength coverages. The 1σ variation is shown by the shaded area. The variation in the flux density across the spectrum is expected to reflect the spectrum-to-spectrum differences caused by differences in the continuum shapes and in the properties of the emission and/or absorption lines (see Vanden Berk et al. 2001 ).
The average rest-frame spectra differ significantly from type to type, as well as from the Vanden Berk composite of "normal" SDSS quasars. The defining spectral features are clearly indicated in the median spectra. The median spectrum of the unusual BAL quasars of type A is remarkably dominated by the Fig. 9 . Geometric mean composite spectra corrected for intrinsic reddening. The SDSS spectra were combined with JHK fluxes form 2MASS (squares with error bars). For comparison, the power-law continuum fit to the geometric mean SDSS composite from VandenBerk et al. (2001) is shown. typical absorption troughs of FeLoBAL quasars (see Hall et al. 2002 ; their table 1), of which the strongest are indicated by the dashed vertical lines: Ly α, N v λ1334, C ii λ1334, Si iv λ1398, C iv λ1550, Al iii λ1860, Fe ii λ2400, Fe ii λ2600, Fe ii λ2750, and Mg ii λ2800 12 . On the other hand, the spectrum-to-spectrum variations for type A are huge. This reflects the particularly high degree of diversity among these spectra. As expected, the dominating spectral features in the median spectrum for type B are the absorption troughs from the high ionisation lines O iv λ1033, Ly α, N iv λ1240, Si iv λ1398, and C iv λ1550. There are no stringent indications for BALs in the median spectra of the other types, though these features are present in the spectra of some members of these types (Sect. 4.3).
Intrinsic reddening and corrected absolute magnitudes
The general trend of BAL quasars to show stronger UV reddening than non-BAL quasars and of LoBAL quasars to be even redder (see Sect. 5.4) is clearly indicated by the type composites in Fig. 8 . The type F composite indicates significant reddening shortwards of Mg ii. For type E, we found that quasars with z < ∼ 2 tend to have steeper continua than normal quasars (e.g., Fig. 5 ), but that the spectra are slightly shallower at higher z. This yields an average spectrum for type E with a continuum that reasonably fits the SDSS composite of normal quasars. The quasars of the types C and D are by definition redder than normal quasars.
We assumed that the red continua are due to reddening by dust related to the quasar and/or the host galaxy and estimated where S gm is the observed geometric mean from Eq. (8) and S gm, 0 is the emitted geometric mean spectrum before dust extinction. As has been shown in several previous studies (e.g., Reichard et al. 2003) , SMC dust provides acceptable fits for the intrinsic reddening in quasars. Hence, we adopted the SMC extinction curve with R V = 2.93 and Q(λ) = E λ−V /E B−V from Pei (1992) . We assumed that S gm, 0 can be identified with the geometric mean spectrum of usual quasars. Vanden found that a single power-law adequately fits the continuum between Ly α and Hβ with α ν = −0.44. We used E (int) B−V in Eq. (9) as a free parameter to fit the continuum of the corrected spectrum of each type to the power-law with α ν = −0.44 and identified the best-fit value with the mean reddening parameter of this type.
This approach is hampered by the UV (λ < ∼ 3000Å) continua being strongly affected by the unusual absorption and/or emission features, perhaps with the exception of type E. On the other side, the composite spectra do not cover a wide wavelength interval longwards of 3000Å, except for type F. To stretch the useful wavelength interval for the continuum fit, we combined the SDSS spectra with the fluxes derived from JHK magnitudes given in the 2MASS catalogue (Skrutzki et al. 2006) . The percentage of quasars with 2MASS magnitudes varies between 45% for type B and 70% for type A with a mean value of 58%. For each object identified in 2MASS, the JHK fluxes were normalised with the same normalisation factors used for the corresponding spectrum. The fluxes derived from the 2MASS magnitudes generally agree with the extrapolation of the composite spectra towards longer wavelengths.
The extinction-corrected geometric mean spectra are shown in Fig. 9 . The mean reddening parameters are given in Tab. 4. The values are larger than those found in previous studies (e.g., E B−V = 0.08 (0.02) for LoBALs (HiBALs) according to Reichard et al. 2003) , which is most likely due to differences between the quasar samples. The contributions from host galaxies in the optical are obviously suppressed by the strong fluxes from the bright quasars.
As can be seen in Fig. 9 , the rest-frame optical colours of the unusual quasar types are essentially the same as for the SDSS quasar composite (for a similar result see , e.g., Zhang et al. 2010) , while they tend to be redder in the UV. In particular, the UV flux of the unusual BAL quasars of type A is substantially lower than the normal BAL quasars of type B. This is likely caused by quasars for which the UV flux is strongly suppressed by BAL troughs and/or overlapping troughs (Sect. 6.1). Owing to these features, the fit to the type A composite is particularly uncertain. Types B and F are well-fitted by the SDSS continuum. No reasonable fit can be achieved for type D, where the slope of the dereddened continuum becomes shallower shortwards of Mg ii. Since a substantial fraction of red quasars also show BALs (Sect. 4.3), the combined effect of broad-line absorption may have some influence on the average continuum, but there are no strong indications of BALs in the type D composite spectrum. An extinction curve steeper than the SMC curve would be another explanation. Finally, the type E geometric mean spectrum fits the SDSS composite at longer wavelengths without dereddening but flattens approximately below the C iv line. This may be an indication for differences between the weak-line quasars of high and low redshift.
In the next step, we used the mean reddening parameters from Tab. 4 to estimate the absolute magnitudes statistically corrected for intrinsic dust extinction adopting the approximation
where the angular brackets symbolise the ensemble average and λ (rf) i,eff = λ i,eff /(1 + z) is the rest-frame wavelength corresponding to the effective wavelength of the i band with λ i,eff = 7461Å (Schneider et al. 2010) . We again adopted the SMC extinction curve from Pei (1992) . As can be seen from the results listed in Tab. 4, this correction is significant. The one-sided KS (Sect. 5.2) applied to the corrected M (cor) i inferred that all six quasar types A to F are on average more luminous then the comparison samples of normal quasars. The finding of the weaker C iv emission of BAL quasars compared to that of non-BAL quasars (Gibson et al. 2009 ) thus appears as a manifestation of the Baldwin-effect (Baldwin 1977; Osmer et al. 1994 ) relation between the C iv emission line strength and the UV luminosity.
Intervening absorbers
Finally, we checked by eye the spectra of all quasars for narrow absorption lines distinct from the quasar lines and at lower z than the quasar. One of the easiest species to detect is the Mg ii λλ2796,2804 doublet, which is frequently in combination with Fe ii λλ2587,2600, Fe ii λλ2374,2382, Fe ii λ2344, and Mg i λ2853. While the origin of the absorbing gas remains unclear, a direct association with galaxies is suggested by several studies (e.g., Bahcall & Spitzer 1969; Steidel et al. 1997; Bowen & Chelouche 2011; Kacprzak et al. 2011) . Dust embedded in foreground absorber systems along the line of sight is expected to absorb and scatter the UV photons from the quasar and redden the quasar spectrum. Detection of the quasar reddening related to absorber systems has been reported e.g. by York et al. (2006) and Ménard et al. (2008) for Mg ii, by Wild et al. (2006) for Ca ii, and by Vladilo et al. (2008) for damped Lyα absorber systems. While the extinction curves of the absorbers are generally considered to be consistent with that of the SMC, there are probably also cases of Milky Way-like dust extinction that can strongly affect the quasar spectrum in a narrower wavelength interval owing to the broad extinction bump around 2175Å (Jiang et al. 2011 ). We identified 76 absorber systems in 66 quasar spectra with a mean absorber redshift z abs = 1.44 ± 0.45. Among them are 8 quasars with two and one quasar (SDSS J082747.14+425241.1) with three different absorber systems. The redshift differences between the absorber and the quasar, expressed by the velocity parameter β = v/c = (R 2 − 1)/(R 2 + 1), where R = (1 + z q )/(1 + z abs ), covers the range β = 0.02 to 0.72 (mean value 0.28). The fraction of quasars with registered absorption systems strongly depends on the spectral type. It is lowest for type A (3%) and highest for type E (13%). This is almost certainly a selection bias related to the intrinsic complexity of the type A spectra. For any given spectral type, on the other hand, quasars with or without these narrow-line absorber systems have on average the same peculiarity parameters χ 2 . Figure 10 shows the colour index g−r (corrected for Galactic extinction) versus z for all unusual quasars (as in Fig. 7) , where those showing indications of foreground galaxies are marked by symbols. Since absorbers with small β may be associated with the quasar, we split the sample into two groups of 29 quasars with β max ≤ 0.2 and 37 with β max > 0.2. As outflows from quasars usually have β < 0.2 (Foltz et al. 1983) , the latter group (with β = 0.41 ± 0.14) is expected to represent a clean sample of quasars with spectroscopically identified foreground galaxies. The majority of our quasars with foreground galaxies are redder than the normal quasars from the QCDR7. Hence, we cannot exclude that a fraction of the red quasars (types 3 and 4) were selected as unusual owing to properties related to the foreground rather than the quasar itself (as is indeed the case for the two gravitationally lensed quasars SDSS J081959.80+535624.2 and SDSS J090334.94+502819.3). However, we did not find any significant differences between the reddening properties of these quasars in our sample showing evidence of foreground galaxies close to the line of sight and those which do not.
In the Appendix A, we present the results of a simple search for extended structures close to the line of sight on direct images.
Very peculiar quasar spectra
We did not identify any fundamentally new type of unusual quasar spectra. However, our selection substantially enlarges the sample of known unusual quasars and thus enables statistical studies of the various peculiarity types and searches for relations between them. Representative examples of our 7 types were shown in Fig. 5 . The detailed investigation of individual spectra is beyond the scope of this paper. However, it is worth commenting on a few very peculiar and interesting spectra, including another three mysterious objects and another dozen possibly related quasars.
Unusual BALs and strong Fe emission
A selection of SDSS quasars with particularly unusual spectra caused by extreme BAL features or/and strong iron emission is presented in Fig. 11 . Each panel shows the normalised flux F λ (λ) over the observed wavelength interval 3900Å to 9000Å, the object name is given at the top of the panel. Here we briefly discuss these 12 spectra from top to bottom and left to right.
The first three panels show quasars with strong iron emission. In the first panel, we present SDSS J100237.22+270056.5 13 which exhibits emission from the multiplets Fe ii λ1785 (UV67,UV191), Fe iii λ1926 (UV34), Fe iii λ2070 (UV48), Fe ii λ2400 (UV2), Fe ii λ2600 (UV1), and Fe ii λ2750 (UV62,UV63). The positions of these lines, as well as the positions of the typical quasar emission lines (Si iv λ1400, C iv λλ1542.2,1550.8, Al iii λλ1854.7,1862.8, C iii] λ 1908.7, Mg ii λλ2796.3,2803.5), are marked by the vertical solid lines. There is a high-velocity outflow at z abs = 1.724 seen in C iv, Al ii, Al iii, and Mg ii. The absorption line redward of C iv, close to He ii λ1640, is probably a narrow intervening system. SDSS J100237.2+270057 is one of the most luminous quasars in our sample with M i = −28.94. The spectrum in panel (b) shows a quasar (SDSS J092211.56+365120.2) where the emission from Fe ii UV1 and UV2 and Fe iii UV48 is stronger than the (weak) broad emission lines C iv and Mg ii. Strong iron emission is known to be correlated with the occurrence of BAL troughs (Boroson & Meyers 1992; Zhang et al. 2010) , as can be seen in many of our spectra of types A or F (Sect. 4.3). A nice example is SDSS J094225.42+565613.0 in panel (c). The positions of absorption troughs at z abs = 0.735 are marked by the dashed lines. If we adopt the systemic redshift of SDSS J094225.42+565613.0 from the (weak) [O ii] λ3728 emission line, the Mg ii emission line is either blueshifted or absorbed at the red side. In Tab. 3, the remark "lst?" is made, indicating possible but not certain longwards-of-systemic absorption (see Hall et al. 2002) . The Mg ii emission of SDSS J094225.42+565613.0 may instead be affected in this case by broad Fe ii absorption on its red side.
As a consequence of the overlapping Fe ii troughs, the continuum of SDSS J094225.42+565613.0 is depressed shortwards of Mg ii down to the lowest observed wavelengths. Interestingly, the Fe ii UV2 trough appears to be deeper than UV1. As outlined by Hall et al. (2002) , the only way of explaining an increase in the absorption strength when troughs overlap is spatially distinct velocity-dependent partial covering (sdvdpc) of the continuum source, provided that the troughs are saturated (as is usually the case even when the absorption is not black). Hall et al. emphasise that these objects "may not be all that rare, just difficult to recognise", though the only quasar known to them to definitely exhibit sdvdpc was FBQS 1408+3054. From the inspection of our sample, we found at least another eight candidates probably showing that effect (Table 7) . In the second row of Fig. 11 , we give three examples of LoBAL quasars with possible strong Fe iii absorption. SDSS J021102.33 − 081007.4 resembles the two possible Fe iii BAL quasars SDSS J014905.28 − 011404.9 and SDSS J081024.75 + 480615.4 from Hall et al. (2002) . It appears to have Fe iii UV34, UV48 troughs (which probably overlap), in addition to troughs from Si iv, C iv, Mg ii, and weak Fe ii UV1, UV2 absorption. Even more pronounced are the iron absorption troughs (plus troughs from other elements) seen in SDSS J101912.84 + 410807.4. For both spectra, and also for all following quasars shown in Fig. 11 , it seems impossible to clearly identify any emission line, thus only absorption redshifts can be given. The BAL quasars can show, of course, two or more absorption systems at different z abs . The values of z abs given in Fig. 11 usually refer to the centres of the strongest system. Fig. 11 . Examples of particularly unusual SDSS quasars: strong UV iron emission (top), Fe iii absorption (second row), BAL quasars with many troughs (third row), and with overlapping troughs (bottom).
The third row shows another three examples for FeLoBAL quasars with many narrow troughs, similar to the three high-z quasars of this category discussed by Hall et al. (2002) . Although the spectra appear to be very complex, a large number of absorption features can be identified. Only a selection of the strongest troughs is labelled here. We again did not try to estimate the emission redshift since emission lines can be mimicked by overlapping absorption troughs that make detailed line identification quite difficult. As for the previously known objects of this type, no absorption trough reaches zero flux, indicating that there is a partial coverage of the continuum source by the absorbers and/or a contribution from scattered light (see Hall et al. 2002) .
The SDSS has discovered several FeLoBAL quasars with sharply declining flux near Mg ii, which is interpreted as being caused by overlapping iron troughs (Hall et al. 2002) . The bottom row of Fig. 11 exhibits three examples where the absorption strength appears to increase from left to right. Here, the redshifts refer to the red edges of the absorption troughs. Only the longest wavelength lines are marked for the Fe multiplets. SDSS J162527.73+093332.8 displays both many narrow troughs at λ < ∼ 7200Å (observed) and overlapping Fe ii UV1 and UV2 at longer wavelengths (Fe ii UV2 is deeper than UV1, see above).
SDSS J173049.10+585059.5 was already described by Hall et al. (2002) . With the exception of two narrow wavelength intervals around C iii] λ1908.7, there is almost no flux shortwards of the onset of Fe ii UV2 at 7000Å (observed) down to the shortest wavelengths. A similar spectrum, but even more extreme, is that of SDSS J094317.59+541705.1 at the right-hand side. The flux drops rapidly at ∼ 9000Å (observed) towards shorter wavelengths and is below the detection threshold in the SDSS g and u bands, i.e. shortwards of the C iv line. The object is detected in 2MASS with K = 14.25. The 2MASS colours correspond to a slowly decreasing flux with increasing wavelengths from 1.2 to 2.2 µm. At first glance, the SDSS spectrum suggests a high redshift quasar at z > 6. However, a higher-quality Keck spectrum presented by Urrutia et al. (2009) clearly indicates the Mg ii emission line, along with the typical absorption features of a FeLoBAL at z = 2.224.
Given that SDSS J162527.73+093332.8 is more luminous than the other two overlapping trough quasars SDSS J173049.10+585059.5 and SDSS J094317.59+541705.1 (M i = −26.27 compared to −24.65 and −24.75), all three spectra are most likely very similar. The main difference is a slightly higher redshift of SDSS J162527.73+093332.8, hence the 3000Å jump is shifted out of the spectral window. The very red optical-tonear infrared colours of SDSS J162527.73+093332.8 (which is one of the reddest SDSS quasars; r − K = 7.17) indicate that its flux must strongly increase longwardss of the red edge of the SDSS spectrum. Lower-luminosity versions of these quasars at z > ∼ 2.3 are strongly biased against being included in optical magnitude-limited samples.
Mysterious and possibly related objects
Hall et al. (2002) discussed at length two objects discovered by the SDSS with spectra classified by these authors as "mysterious": SDSS J010540.75 − 003313.9 and SDSS J220445.27+003141.8 (Fig. 12b,c) . The most prominent spectral features are: (a) a lack of substantial typical quasar emission lines (except broad Fe ii emission and [O ii] λ3730 in the case of SDSS J010540.75 − 003313.9); (b) a blue continuum longwards of ∼ 3200Å; (c) a dip at ∼ 3000Å; (d) a continuum drop-off shortwards of Mg ii λ2800 which appears too steep to be caused by dust reddening; and (e) no obvious BAL troughs. Both objects show associated Mg ii absorption lines, are unresolved FIRST radio sources, and are much more luminous than any galaxy. Hall et al. discussed various viable explanations for these spectra and concluded that none of them are particularly satisfactory. These strange objects may be very unusual BAL quasars with partial covering of different regions of the continuum source as a function of velocity, probably in combination with moderate reddening.
Regardless of the physical reason for these mysterious spectra, they almost certainly represent quasar types that are extremely rare in presently available samples. Hall et al. (2002) were aware of only two objects with probably similar spectra, the low-z quasars FBQS 1503+2330 (z = 0.40) and FBQS 1055+3124 (z = 0.49) from the FIRST Bright Quasar Survey . In a search for BL Lac objects, Plotkin et al. (2008) revealed another two FIRST sources with SDSS spectra similar to the two Hall et al. objects SDSS J130941.35+112540.1 and SDSS J145045.56+461504.2. Neither of these two new objects ultimately survived as BL Lac candidates during the manual inspection by these authors. The first similar object that was not targeted as a radio source was VPMS J134246.24+284027.5, which was discovered during a variability and (zero-) proper motion selection of quasar candidates (Meusinger et al. 2005) . All seven of these objects have counterparts in the FIRST images with radio fluxes on the mJy level and moderate or small radio-loudness parameters.
Browsing through our sample (Tab. 3) yields another three comparable SDSS objects and about one dozen possibly related objects with spectral properties that are partly similar to those of the mysterious objects. In addition, we checked a subsample of the unknowns (spec cln=0) in the DR7. Only ∼ 10 3 spectra of relatively high S/N were clustered in one single SOM. The resulting icon map was used solely for selecting spectra that resemble those of the mysterious objects mentioned above. Two additional objects of this type were found: the mysterious object SDSS J010540.75−003313.9 from Hall et al. (2002) and SDSS J073816.91+314437.0, which was discussed by Hall et al. (2004). 14 Table 8 lists 9 mysterious objects and another 11 objects that may represent links between the mysterious and other unconventional quasar types. 15 The following five objects from this list are not included in Tab. 3: VPMS J134246.24+284027.5 was not targeted by SDSS, SDSS J010540.75 − 003313.9 and SDSS J073816.91+314437.0 were not classified as quasars in the SDSS DR7, and for both SDSS J130941.35+112540.1 and SDSS J161836.09+153313.5 the (wrong) redshifts given in the DR7 (z = 4.39 and 4.376, respectively) exceed our upper selection limit of z ≤ 4.3 (Sect. 4.1). Tab. 8 does not include FBQS 1503+2330 because the SDSS spectrum does not cover much of the wavelength range shortwards of Mg ii. The objects that are not part of our unusual quasar sample are flagged in the first column of Tab. 8. For clarity, the second column gives the panel in Figs. 12 to 14 in which we plot the spectrum.
For 11 quasars, the redshift could be obtained from emission lines. In 9 cases (marked in Tab. 8), the systemic redshifts were computed from the [O ii] λ3728 line, for the other two spectra from Mg ii and C iii]. The redshifts of the remaining 9 objects were identified with those of the highest-z absorption features. For a few objects, e.g., VPMS J134246.24+284027.5, the redshift is fairly uncertain.
All objects with dubious spectra were checked for proper motions (pm) as described in Sect. 4.2. The pm data for VPMS J134246.24+284027.5 were taken from Scholz et al. (1997) . A significant non-zero pm was found for the object SDSS J020731.81+004941.6 (Fig. 3) , which was rejected thereafter from the quasar list. The determined pm components µ α cos δ and µ δ are listed in Tab. 8, along with the formal errors and the number of epochs N e . The column "pm?" contains our conclusion, which is not based on the formal error alone (see Sect. 4.2). For 13 objects (76%), the results are clearly consistent with the conclusion that no significant pm is detected. For three objects, non-zero pm in one direction cannot be definitely excluded. A formally significant pm was measured for SDSS J075437.85+422115.3. This result is doubtful, however, because the measurements are likely affected by a faint source close to the sightline. For the three objects without pm data in Tab. 8, the extragalactic origin is clearly indicated by redshifted emission lines.
The partial spectra in the rest-frame wavelength interval 1350 Å -3800 Å are shown in Fig. 12 . The spectra were arbitrarily normalised and slightly smoothed by a three-pixel boxcar, with the exception of the noisy spectrum of SDSS J085502.20+280219.6 where a seven-pixel boxcar was applied. For comparison, the SDSS quasar composite spectrum is shown in the last panel (bottom right). The vertical bars above the spectra indicate the typical strong quasar emission lines Si iv λλ1394,1403, C iv λλ1548,1551, C iii] λ1909, and Mg ii λλ2796,2804. The dashed lines below the spectra mark the same absorption lines as in Fig. 11 . If the redshift was obtained from absorption features, the lines above and below the spectrum refer to the same z = z abs . Exceptions are SDSS J101723.04+230322.1 and SDSS J073816.91+314437.0, where the solid lines mark the highest-z and the dashed ones the strongest absorption troughs. The three new mysterious objects (Fig. 12 d-f ) are SDSS J160827.08+075811.5 (z = 1.18), SDSS J161836.09+153313.5 (z = 1.358), and SDSS J085502.20+280219.6 (z = 1.511). Both SDSS J160827.08+075811.5 and SDSS J161836.09+153313.5 are similar to the Hall et al. object SDSS J010540.75−003313.9. A remarkable difference between these two spectra and the SDSS J010540.75 − 003313.9 spectrum is the more abrupt transition between the blue part and the red part of the continuum. At first glance, it is tempting to ascribe the pronounced peak to the Mg ii line. However, if we adopt the redshift from the [O ii] line as the systemic redshift, the peak is clearly placed shortwards of 2800Å in either case. For SDSS J160827.08+075811.5, the redshift of the [O ii] line agrees very well with that of an (associated?) absorption line system seen in Mg ii, Mg i, and Fe ii. Another new mysterious object is SDSS J085502.20+280219.6, which also resembles SDSS J010540.75 − 003313.9 but has a stronger depression at shorter wavelengths.
Similar to the mysterious objects in Fig. 12 a-i, the spectra of SDSS J134951.93+382334.1 and SDSS J215950.30+124718.4 in panels (j) and (k), respectively, show a break in their continuum around the position of the Mg ii line. The redshift of z = 1.516 for SDSS J215950.30+124718.4 was derived from a clearly identified narrow Mg ii absorption doublet at the position of the break. Both SDSS J134951.93+382334.1 and SDSS J215950.30+124718.4 are overlapping trough LoBAL quasars (see bottom row of Fig. 11 ) and possibly mark a link between overlapping-trough objects and mysterious objects. (The dropoff at Mg ii in SDSS J215950.30+124718.4 is more abrupt than in any of the latter objects.) From this point of view, the spectra in panels (h) to (k) seem to represent a sequence of overlapping-trough absorption from a low covering factor in VPMS J134246.24+284027.5 to the highest covering factor in SDSS J215950.30+124718.4.
The spectra in Fig. 12 m-o show narrower BAL troughs with low covering factors. SDSS J151627.40+305219.7 (panel p) is very similar to SDSS J073816.91+314437.0 (panel q) from Hall et al. (2004) . The high-velocity BAL in SDSS J101723.04+230322.1 (panel o) makes it plausible that highvelocity BALs contribute to the former two spectra.
Since intrinsic reddening seems to be present in all spectra in Fig. 12 , we attempted to correct for it and compare the dereddened spectra with the typical quasar spectrum, following Hall et al. (2002) . As in Sect. 5.5, we adopted the SMC extinction curve at the quasar redshift with E (intr) B−V as a free parameter. For z < ∼ 1.5, the object spectrum was fitted to the SDSS composite spectrum at wavelengths λ > ∼ 3000Å. For the higher-z quasars, we simply tried to fit at the longest wavelengths what almost certainly amounts to an underestimated amount of reddening. We note that the method of deriving E (intr) B−V is only approximate and the results are expected to be rather uncertain, at least for some objects. The mean value E The ratios of the thus dereddened spectra to the SDSS composite are shown in Fig. 13 in the same style as in Fig. 12 . The individual intrinsic reddening parameters are listed in Tab. 8. A perfect fit would result in a horizontal line at the level of unity. All dereddened spectra, perhaps with the exception of SDSS J091940.97+064459.9 in panel (r), show a depression of the flux relative to the composite at short wavelengths. In most but not all cases, this sharp decline sets in at wavelengths around the Mg ii line. This behaviour may be caused by very wide iron absorption troughs that overlap at substantially different velocities (Hall et al. 2002) . This depression is also seen in the spectra in rows 4 and 5, where the presence of absorption troughs from Mg ii and Fe ii UV1 and UV2 (plus Si ii and Fe iii UV34, UV48 in the case of SDSS J120337.91+153006.6, panel (n))
16 is more obvious. The combination of reddening and partial-covering overlapping-troughs could perhaps explain such objects as SDSS J145045.56+461504.2 (panel g) and SDSS J010540.75 − 003313.9 (panel c), while narrower troughs could perhaps explain the spectra in panels (m) to (o). As a remarkable exception, the unusual spectrum of SDSS J091940.97+064459.9 can be explained by the 2175Å absorption trough at the quasar redshift (at which narrow associated Mg ii absorption is seen). Hall et al. (2002) discussed, among others, the possibility that the strange continua could represent reddened versions of quasars with weak Mg ii but strong broad Fe ii emission. To check this idea for the quasars in Fig. 12 , we repeated the dereddening procedure with two modifications. First, the composite spectrum of strong iron emitters (type F) was used as reference instead of the SDSS quasar composite. Second, the individual quasar spectrum was fitted to the reference spectrum at either end. Fig. 14 shows the ratios of the dereddened spectra to the reference spectrum. A good fit was achieved for SDSS J091940.97+064459.9. However, for most of the spectra the depression in the observed spectrum shortwards of Mg ii was obviously not eliminated. Moreover, strong dereddening produces an unexplained bump at 2700Å. As argued by Hall et al. (2002) , Fe ii emission may be present longwards of Mg ii (near 3200Å) but is not expected immediately shortwards of Mg ii. In agreement with Hall et al., we conclude that the majority of the spectra cannot be explained by reddened strong iron emission alone.
For several objects in Figs. 12 to 14, the shape of the spectrum around Mg ii resembles a broad double-line profile. The most interesting case is SDSS J101723.04+230322.1. Very broad double-shouldered Mg ii emission, in combination with reddening and broad, shallow absorption troughs, is another possible scenario mentioned by Hall et al. (2002) to explain their two mysterious objects. As can be seen in Figs. 13 and 14 , the spectrum of SDSS J101723.04+230322.1 cannot be understood as being caused by these double-shouldered line profiles alone or in combination with dust reddening, strong iron emission and associated narrow-line absorption. In addition, overlapping broad absorption troughs from various elements, in particular Fe ii, are definitely needed to explain the complex shape of this spectrum. Remarkably, the apparent double-line profile in SDSS J101723.04+230322.1 is seen not only in the Mg ii line but also for C iii] and C iv. Only a few quasars have been reported so far to definitely display this structure in other lines than Hα and 16 SDSS J152438.79+415543.0 and SDSS J120337.91+153006.6 are another two sdvdpc-candidates with deeper Fe ii UV2 than UV1 (Sect. 6.1) Hβ (Halpern et al. 2001; Strateva et al. 2003; Luo et al. 2009; Chornock et al. 2010) . The selection of double-peaked AGNs has been primarily based on Balmer lines (Halpern et al. 2001; Eracleous et al. 2004) . Ultraviolet observations have shown that their high-ionisation lines (e.g., C iv) frequently lack doublepeaked profiles. However, double-peaked AGNs appear to be rather inhomogeneous as a class, thus we feel that this difference does not conclusively rule out the double-shouldered hypothesis for SDSS J101723.04+230322.1. It would be interesting to study the line profiles of the Balmer lines via infrared spectroscopy.
Most of the quasars in Tab. 8 are FIRST sources, but radioweak, i.e. close to the threshold between radio-quiet and radioloud quasars. The mean radio loudness of the seven radiodetected mysterious objects is R i = 0.97 ± 0.28. Among the three new mysterious objects, only SDSS J160827.08+075811.5 was detected by FIRST. SDSS J085502.20+280219.6 is 2.6 mag fainter in i than SDSS J160827.08+075811.5 (and a FIRST flux as small as 0.2 mJy thus still corresponds to R i = 0.4). The third quasar, SDSS J215950.30+124718.4, is not in the FIRST area. The mean radio loudness parameter of the 15 FIRST sources in Tab. 8 is R i = 1.02 (±0.41). The strongest radio source, SDSS J091940.97+064459.9, was classified by Plotkin et al. (2008) as a lower-confidence BL Lac object. None of the objects from Tab. 8 could be identified in the ROSAT All-Sky Survey Faint Source Catalog (Voges et al. 2000) . Weak X-ray emission is a characteristic property of BAL quasars and is usually attributed to strong X-ray absorption, which enables and enhances the acceleration of the BAL outflow driven by radiation pressure (Murray & Chiang 1998; Proga et al. 2000; Gallagher et al. 2006; Gibson et al. 2009; Streblyanska et al. 2010 ).
Summary and conclusions
We have compiled a catalogue of unusual quasars from the unprecedented spectroscopic database of the SDSS DR7. Unusual quasars were selected from ∼ 10 5 spectra with z = 0.6 to 4.3 classified as quasars by the SDSS spectroscopic pipeline. The selection method is essentially a combination of the power of Kohonen's (Kohonen 1982 ) self-organising maps and the detailed visual inspection of the selected spectra. We paid particular attention to reject contaminants, i.e. spectra from rare spectral types of other astrophysical objects (e.g., white dwarfs and hybrid spectra of two objects within the fibre aperture). Proper motions were checked first by cross-correlating our sample with the PPMXL catalogue (Röser et al. 2010) , which contains ∼ 90% of the selected objects. In addition, and more importantly, we used all available multi-epoch positions from different sky surveys to estimate the proper motions of 121 selected sources. The results of the pm determination led to the rejection of seven objects from the quasar sample.
The final catalogue contains 1005 quasars, which were classified into 7 different types: (A) LoBALs and unusual BALs (21%), (B) strong normal BALs, HiBALs (21%), (C) red quasars (12%), (D) quasars which appear red shortwards of ∼ 3000Å only (15%), (E) weak-line quasars (18%), (F) strong iron emitters (11%), and (M) miscellaneous. Our approach was primarily aimed at striking outliers and the catalogue is expected to be largely complete in this respect. However, the selection is not based on sharply defined quantitative criteria and the selected sample is thus incomplete in a quantifiable sense. Nevertheless, the compilation is expected to be very useful for studying relations between the various types of spectral peculiarities or selecting particularly interesting individual objects for detailed investigations.
The analysis of this sample yields the following conclusions for the main types A to F: -The arithmetic median composite spectra (Sect. 5.5) clearly differ from type to type and from the SDSS composite spectrum of normal quasars. For type A, the huge spectrum-tospectrum variation reflects a high level of diversity. The spectral peculiarity, measured by the mean square deviation of the individual spectrum from the SDSS composite, is on average largest for types C,D, and A and smallest for type E. Unusual BALs are frequently accompanied by red continua and strong iron emission. -We combined the SDSS spectra with the fluxes from 2MASS to compute geometric mean spectra with significantly improved wavelength coverage (Sect. 5.5). These composite spectra were used to estimate the intrinsic reddening (Sect. 5.6). In agreement with previous studies, we found that BAL quasars have, on average, significantly redder continua than normal quasars with E(B − V) ≈ 0.1 mag for type B adopting SMC extinction. The unusual BAL quasars (type A), which are mostly LoBALs, are even redder with E(B − V) ≈ 0.18 mag. The decline in the dereddened type A composite in the UV is ascribed to the combined effect of the UV absorption troughs. The strongest mean reddening is found for the type C with E(B − V) ≈ 0.38 mag. On the other side, weak-line quasars are on average insignificantly redder than normal (E(B − V) ≈ 0). -For the quasars with substantial reddening in the UV only (type D), the continuum slope of the SDSS quasar composite could be fitted only with an extinction curve that is steeper in the UV than for the SMC (Sect. 5.6). -After the (statistical) correction for intrinsic extinction, the KS test for the absolute magnitudes yielded that all six types are on average more luminous than comparison samples of normal quasars (Sects. 5.2 and 5.6). -The fraction of quasars with radio detections increases with the spectral peculiarity. This reflects most likely a selection bias: a substantial fraction of the quasars with very unusual spectra were selected for foloow-up spectroscopy because they are radio sources. On the other hand, unusual BALs (as well as quasars with strong iron emission) tend not to have high radio luminosities. A similar, though not statistically significant trend was found for the red quasars. It is thus tempting to speculate that there exists a larger population of unusual quasars that have not yet been discovered simply because they are too faint radio sources (Sect. 5.3). -To estimate the impact of foreground galaxies along the line of sight on the spectral peculiarities, we have checked both the SDSS images and spectra for finger prints of such intervening matter (Sect. 5.7). About 1% of the quasar images show nearby (usually faint) structures and for ∼ 8% we detected narrow absorption lines that are distinct from the quasar lines. There are at least two quasars in the sample where the spectral peculiarity is clearly caused by foreground galaxies. Moreover, two of nine high-z quasars identified on images from the Hubble Space Telescope show extended structures very close to the sightline (Appendix A). Nevertheless, we did not find any conclusive evidence that the sample properties are significantly affected by the extragalactic foreground. -Our sample contains several objects with very peculiar spectra, among them FeLoBAL quasars with large numbers of narrow absorption troughs or extremely wide overlapping troughs. The most spectacular example of the latter type is SDSS J094317.59+541705.1 at z = 2.22 where the continuum is strongly depressed from Mg ii at red edge of the spectrum all the way down to Lyα at the blue edge (Sect. 6.1). -We constructed a small sample of nine quasars with spectral properties similar to the two "mysterious" objects discovered by Hall et al. (2002) and another 11 more or less similar quasars (Sect. 6.2). The majority (75%) of these objects are radio sources, but radio-weak (R i ≈ 1). Both moderate reddening, FeLoBAL features, and strong Fe emission were frequently indicated. This combination may explain the shape of the continuum with the characteristic drop-off shortwards of the position of the Mg ii line but does not account for the lack of typical quasar emission lines and the shape of the spectrum around the position of the Mg ii line. Broad doublepeaked emission, in addition to other effects, is an attractive idea (Hall et al. 2002) . Double-shouldered Mg ii emission seems to be indicated in some spectra. The best case is SDSS J101723.04+230322.1 where similar profiles are, however, seen as well around C iv and C iii], which is quite unusual for the known double-peaked quasars. Moreover, we have also presented a few quasars where the continuum drop-off appears at much shorter wavelengths, which seems difficult to explain in this way. A satisfactory explanation of these puzzling spectra remains a challenge.
or extended structures that likely overlap the line of sight towards the quasar. In this case, the fraction is largest for type C (3.4%), but the samples are much too small for a statistical analysis. These 13 quasars are listed in Tab. 6. Among them are the two known lensed quasars SDSS J081959.80+535624.2 (Inada et al. 2010 ) and SDSS J090334.94+502819.3 (Johnston et al. 2003) . The SDSS image of SDSS J081959.80+535624.2 shows a double structure with a separation < ∼ 4 . The spectrum indicates that there is an absorption line system at z abs = 0.294. SDSS J090334.94+502819.3 was classified as an unusual quasar of type C because of its red continuum between Ly α and C iv. In addition, the C iv emission line is absorbed at the red wing. However, as demonstrated by Johnston et al. (2003) , decomposing the spectrum into a luminous red galaxy component at z = 0.388 and the background quasar component yields a normal quasar spectrum. Another interesting case is the quasar SDSS J024230.65 − 000029.7, which is seen through an outer spiral arm of NGC1068. Johnston et al. (2003) ; (2) Bentz et al. (2008) One of us (B.K.) has performed a systematic search of the Hubble Legacy Archive for images from the Hubble Space Telescope covering quasars from our catalogue. Nine detections were found (Tab. A.1). Two quasars clearly show extended structures close to the sightline (Fig. A.1) . The gravitationally lensed quasar SDSS J090334.9+502819 mentioned above is seen through the inner region of a luminous featureless galaxy. The other object, SDSS J114756.0 − 025023 at z = 2.560, is connected with a faint structure, which may be at the redshift of the quasar (Bentz et al. 2008) . Both spectra show red continua of type C and line absorption at z abs ≈ z em . Extended structures are also seen around SDSS J134026.4+634433 and SDSS J150425.0+102939, although at somewhat larger distances of ∼ 4 from the line of sight. There are no clear cases of the signatures of foreground objects in the spectra of these quasars.
Note added in proof. After this paper has been accepted for publication, we became aware of the paper by Plotkin et al. (2010) on optically selected BL Lac candidates from the SDSS. As a side-product, these authors discuss a small sample of serendipitously recovered/discovered higher-redshift objects that show extreme drop-offs in their continua bluewards of restframe 2800 Å. We realised that eight out of their nine objects are part of our sample of mysterious and related objects. Among them are four objects (SDSS J160827.08+075811.5, SDSS J161836.09+153313.5, SDSS J134951.93+382334.1, and SDSS J215950.30+124718.4) which were supposed to be newly discovered by the present study. 
